ABSTRACT: Using neutron diffraction Harroun et al. [( ) Biochemistry 45, 1227[( -1233 (2008) Biochemistry 47, 7090-7096] carried out studies that unequivocally demonstrated cholesterol preferentially sequestering in the middle of bilayers (i.e., flat orientation) made of lipids with polyunsaturated fatty acids (PUFA), in contrast to its "usual" position where its hydroxyl group locates near the lipid/water interface (i.e., upright orientation). Here we clearly show, using neutron diffraction, cholesterol's orientational preference in different lipid bilayers. For example, although it requires 50 mol % POPC (16:0-18:1 PC) in DAPC (di20:4 PC) bilayers to cause cholesterol to revert to its upright orientation, only 5 mol % DMPC (di14:0 PC) is needed to achieve the same effect. This result demonstrates not only cholesterol's affinity for saturated hydrocarbon chains, but also its aversion for PUFAs. Molecular dynamics (MD) simulations performed on similar systems show that in high PUFA content bilayers cholesterol is simultaneously capable of assuming different orientations within a bilayer. Although this result is known from previous MD studies by Marrink et al. [(2008) J. Am. Chem. Soc. 130, 10-11], it has yet to be confirmed experimentally. Importantly, MD simulations predict the formation of DMPC-rich domains, data corroborated by experiment (i.e., 10 mol % DMPC-doped DAPC bilayers), where cholesterol preferentially locates in its upright orientation, while in DMPC-depleted domains cholesterol is found mostly in the bilayer center (i.e., flat orientation). These results lend credence to DMPC's aversion for PUFAs, supporting the notion that domain formation is primarily driven by lipids.
One of the main building blocks of cellular membranes is lipids, a diverse family of molecules which form two-dimensional (2D) fluid matrices and in which membrane-associated proteins are able to carry out their various functions. In 1972, Singer and Nicolson (1) proposed the "fluid mosaic" model to describe the structural features of biological membranes. Although the basic premise of this model (i.e., integral proteins diffusing more or less freely in a 2D viscous phospholipid bilayer solvent) still applies, the plasma membrane has since been shown to be considerably more complex, especially with regard to the diversity and function of its lipid components (2) . An example of this is lipid rafts, regions of membranes enriched in certain types of lipids (predominantly saturated sphingolipids) and cholesterol, and which are thought, in biological membranes, to act as functionalized platforms (3) .
Much of our current understanding regarding rafts comes from studies of lateral phase separation in model membranes composed of ternary mixtures of saturated and unsaturated lipids, including cholesterol. Formation of these domains is assumed to be the result of distinct interactions between cholesterol and lipids with different hydrocarbon chains, causing cholesterol to partition preferentially with saturated hydrocarbon chain lipids, forming a liquid ordered phase (4) (5) (6) .
Cholesterol is found in all animal cell membranes and is required for proper membrane permeability and fluidity. It is also needed in the building and maintenance of cell membranes and is thought to act as an antioxidant (7) . As mentioned, cholesterol has also been implicated in cell signaling processes, where it has been suggested that it enables the formation of rafts in the plasma membrane (8, 9) . The recent controversies regarding the physiological implications of so-called "good" (highdensity lipoprotein or HDL) and "bad" (low-density lipoprotein or LDL) cholesterol have also brought to prominence the importance of cholesterol's biosynthetic pathways and transport to and from cells.
Among the other sterols, cholesterol has been shown to be the most effective in inducing membrane ordering in binary lipid/ sterol mixtures (10) , where cholesterol tilt angle has been implicated as being an important parameter (11) . It has also been shown that cholesterol dramatically "stiffens" bilayers composed of saturated lipids, while it interacts much more weakly with unsaturated chain lipids (12) . Nevertheless, even in the case of dimonounsaturated lipids the observed thickness increase in bilayers containing cholesterol suggests that the hydrocarbon ordering effect induced by cholesterol still dominates over its ability to reduce the hydrophobic mismatch between itself and the lipid fatty acid chains (13, 14) . This situation, however, is in stark contrast when compared to lipids containing polyunsaturated fatty acids (PUFA) 1 (15) . For example, in the case of lipids with PUFA hydrocarbon chains there seems to be a strong aversion of the highly disordered PUFAs to cholesterol's planar rigid surface, an interaction thought to be the major driving force in domain formation. In biological membranes, such lateral sequestration of PUFA lipids into membrane domains depleted of cholesterol has been hypothesized to have an important role in neurological function and in alleviating a number of healthrelated issues (16) .
PUFAs constitute a biologically influential group of molecules. Both omega-3 and omega-6 classes of PUFAs are essential for normal growth and development, and are only available through diet as they cannot be synthesized from other components by any known biochemical pathway (17) . Importantly, the dietary consumption of PUFAs, in particular omega-3 fatty acids, is known to alleviate a number of chronic health conditions (18) . For example, they have been suggested to play an important role in the prevention and treatment of coronary artery disease, hypertension, diabetes, arthritis, other inflammatory and autoimmune disorders, and cancer. On the other hand, a diet rich in omega-6 fatty acids was linked to a shift in physiologic state to one that is prothrombotic and proaggregatory, with increases in blood viscosity, vasospasm, and vasoconstriction (19) . While the general consensus considers omega-3 PUFAs to be partial agonists relative to those of the omega-6 class, their induced structural effects on the properties of biological membranes are presently not clear for either of these groups.
Recently, neutron studies of DAPC (diC20:4PC) bilayers, lipids containing omega-6 PUFAs, found cholesterol sequestered inside the membrane with the steroid moiety and side chain lying in the middle of and parallel to the plane of the membrane (flat orientation) (20, 21) . This situation is in contrast to its "usual" position where cholesterol's hydroxyl group locates near the lipid/water interface and where the sterol molecule, which lines up with the acyl chains parallel to the bilayer normal, extends toward the membrane's center. Molecular dynamics (MD) simulations using the MARTINI coarse-grained force field have also shown that cholesterol's tilt angle with respect to the bilayer normal varies with the number of double bonds present in the lipid fatty acid chains (22) , i.e., positive correlation between increasing hydrocarbon chain unsaturation and increasing cholesterol tilt angle. It was also shown that cholesterol flip-flop frequency between bilayer leaflets dramatically increases with the number of double bonds. It is therefore enticing to think that cholesterol's increased flip-flop rate in the presence of PUFA lipids may be associated with a cell-signaling response mechanism to changes in membrane fluidity or stress. Consequently, it may well be that in a mixed bilayer of saturated and polyunsaturated lipids cholesterol is able to reorient between its upright and flat orientations.
We have carried out neutron diffraction experiments to test whether or not cholesterol can revert to its upright position at some critical concentration of monounsaturated (POPC) or fully saturated (DMPC) lipid in PUFA bilayers. Over the years the interaction of cholesterol with saturated fatty acids has been well characterized. It is known that the introduction of the rigid steroid moiety into saturated lipid membranes disrupts the regular packing of the fatty acid chains in the gel, or solid ordered (so) phase, and restricts the reorientation of the fatty acid chains in the liquid crystalline, or liquid disordered (ld) phase (23) . The differential between the two phases is smeared out by the liquid ordered (lo) phase, which is characterized by the rapid reorientation but high conformational order of the fatty acid chains and which is formed over a wide range of temperatures and concentrations exceeding approximately 16 mol % cholesterol. As mentioned, within most common membranes cholesterol orients in its upright orientation (24) . Its individual molecules rotate rapidly about their long axis, while undergoing a wobble through a narrow range of angles, slightly tilted relative to the bilayer normal (25) . In contrast to its affinity for saturated lipid bilayers, cholesterol's relationship with disordered unsaturated bilayers is complicated to the point that in mixed systems phase separation may occur (16) . It should be pointed out that cholesterol may regulate membrane fluidity not just by the formation of lateral domains, as is so much the focus of lipid raft research, but also by its wholesale movement across the bilayer, which in turn controls membrane protein function (9) . Although it is known that cholesterol's presence in phospholipid bilayers decreases both their fluidity and permeability (26) , this becomes an open question when cholesterol sequesters itself in the bilayer center.
Neutron diffraction experiments determined the orientation of cholesterol as a function of lipid species and concentration. In agreement with previous results, cholesterol is found lying parallel in the bilayer center (15, (20) (21) (22) at low concentrations of POPC in DAPC bilayers. However, at a certain critical lipid concentration of POPC (∼50 mol %), cholesterol reorients to its upright position. Interestingly, the amount of DMPC necessary to flip cholesterol in DAPC bilayers is only a small fraction (∼5 mol %) of that of POPC, clearly demonstrating cholesterol's preference for saturated fatty acid chain lipids. Importantly, our experimental results for >5 mol % DMPC, also supported by MD simulations data, suggest the formation of lateral domains within DAPC bilayers. In light of the present data, we thus propose a simple interaction model of lipid fatty acid chains with cholesterol.
MATERIALS AND METHODS
Neutron Diffraction. Polyunsaturated bilayers of 1,2-diarachidonoylphosphatidylcholine (diC20:4PC, DAPC) were doped either with monounsaturated 1-palmitoyl-2-oleoylphosphatidylcholine (C16:0-18:1PC, POPC) or the saturated lipid 1,2-dimyristoylphosphatidylcholine (diC14:0PC, DMPC). All lipids were obtained from Avanti Polar Lipids (Alabaster, AL). Unlabeled cholesterol was ordered from Sigma-Aldrich (St. Louis, MO), while the headgroup deuterated (2,2,3,4,4,6-d 6 ) cholesterol was purchased from C/D/N Isotopes (Pointe-Claire, QB). Upon arrival the ampules containing the various lipids were stored at -80°C and samples were randomly checked for degradation using thin-layer chromatography. All samples were prepared using reagent grade solvents.
Approximately 12 mg of lipid containing appropriate amounts of DAPC and DMPC, or DAPC and POPC, was codissolved in a mixture of chloroform and trifluoroethanol and mixed with 10 mol % of labeled or unlabeled cholesterol; care was taken to prevent exposure of the lipids to oxygen. Each sample was then deposited onto the surface (25 Â 60 mm 2 ) of a 1 mm thick silicon wafer and rocked during evaporation of the organic solvent in a glovebox filled with nitrogen. The samples were then dried in a vacuum for several hours (usually overnight).
Neutron diffraction data were collected at the Canadian Neutron Beam Centre's D3 beamline located at the National Research Universal (NRU) reactor (Chalk River, Ontario, Canada) using 2.37 Å wavelength neutrons. The appropriate wavelength neutrons were selected by the (002) reflection of a pyrolytic graphite (PG) monochromator, while a PG filter was used to eliminate higher order reflections (i.e., λ/2, λ/3, etc.). Samples were placed in an airtight sample cell (27) and hydrated to the requisite relative humidity (RH) using a series of D 2 O/H 2 O mixtures (i.e., 100%, 70%, and 8% D 2 O). RH was controlled by saturating the various D 2 O/H 2 O solutions with KCl (84% RH). Experimental stability over the course of data collection was confirmed by the reproducibility of the diffraction data, whereby it was sought that lamellar repeat spacings and peak intensities remained constant over time, thus indicating that the sample chemistry and sample conditions remained unaltered. It was found that some samples deteriorated after several hours, most likely the result of the high susceptibility of PUFA hydrocarbon chains to peroxidation. These samples were excluded from the analysis.
The quality of sample alignment was assessed from rocking curves (i.e., the sample was rotated at a fixed detector angle). Most samples displayed a sharp peak (see inset to Figure 1 ) corresponding to large lateral domains of highly oriented multibilayers. This sharp peak usually sits atop of a broad peak consisting of scattering from much smaller domains with a broader distribution of orientations (28) . In the case of some samples the lack of a central sharp peak suggests a specimen with numerous small domains with slightly different orientations from each other.
Typically up to four orders of Bragg diffraction were obtained. Changes in contrast resulted in changes to the scattered intensities, but not to peak positions ( Figure 1 ). The diffraction peaks obtained from θ-2θ scans, where θ and 2θ are the angles of the sample and the detector, respectively, were fitted to Gaussians with an additional second-order polynomial function used to describe the background. Integrated intensities for the different quasi-Bragg peaks were corrected for incident flux (C flux ), sample absorption (C abs ), and the Lorentz correction (C Lor ) according to well-established procedures (29) . The uncertainties associated with the obtained scattering form factors were estimated from repeated diffraction scans while assuming a 95% confidence interval. The corrected form factors F h (Table 1) were then used to determine the phases, which were subsequently Fourier transformed into neutron scattering length density (NSLD) profiles using
where ΔF stands for the water subtracted profile (i.e., ΔF(z) = F(z) -F w ) and D is the sample's lamellar repeat spacing. Finally, the data were placed on an absolute scale using
by requiring that NSLD profiles possess the correct values at given points along the bilayer (e.g., bilayer/water interface and bilayer center) and that the area from the difference NSLD The inset to the graph shows a typical rocking curve (i.e., where the sample position, θ, is fixed and the detector angle, 2θ, is scanned) that was used to assess sample quality. The uncertainties were estimated from repeated diffraction scans while assuming a 95% confidence interval.
profile corresponded, within experimental error, to the neutron scattering length difference between six deuterium and six hydrogen atoms (30) . Molecular Dynamics Simulations. All simulations were carried out using the MARTINI coarse-grained (CG) force field (31) implemented within the Gromacs 4.0.5 package (32) and applying a 20 fs integration time step along with standard settings for the nonbonded interactions (31). Constant particle number, pressure, and temperature (NpT) ensembles were simulated while utilizing periodic boundary conditions. The system was coupled to a pressure bath (1 bar, τ p = 0.3 ps) using the semiisotropic coupling scheme. Different molecule types were coupled separately to a heat bath at 300 K using stochastic temperature coupling (inverse friction constant τ T = 5 ps).
Lipid bilayers with a randomly mixed lateral lipid distribution were used as initial structures and comprised of a total of 1368 PC lipids, 152 cholesterol molecules, and 12600 CG water beads (note that one CG water bead represents four water molecules). The ratio of DMPC, POPC, and PUFA lipids (DAPC) was varied in accordance with the experimentally studied systems and were energy-minimized (100 steps of steepest descent) prior to simulations. The individual simulation times were 2.9, 1.3, and 1.4 μs for systems with 10, 30, and 50 mol % POPC, respectively, and 3.2 and 2.9 μs for systems with 5 and 10 mol % DMPC, respectively. The last 1 μs for simulations with 5 and 10 mol % dopant molecules was analyzed; for the systems with 30 and 50 mol % dopant molecules, analyzing the last 700 ns was found to be sufficient. No net changes to the lateral lipid distribution were observed after the discarded equilibration time, i.e., domain formation was completed. The number distributions and profiles of neutron scattering length densities were calculated according to a procedure described previously (22) .
RESULTS AND DISCUSSION
Neutron Diffraction. A series of POPC-doped and DMPCdoped DAPC bilayers containing 10 mol % cholesterol were measured using small angle neutron diffraction. The phases of the measured form factors were determined by linear interpolation as a function of D 2 O/H 2 O contrast (29) , while the NSLD profiles were reconstructed from the data using eq 1. The amount and resolution of the experimental data were increased through the use of specific labeling, with the end result being the accurate determination of the label's position along the bilayer (33) . Difference NSLD profiles from lipid bilayers containing labeled and unlabeled cholesterol (see Materials and Methods) were used to accurately determine, in effect, the position of the cholesterol's hydroxyl group.
Samples hydrated with 100% D 2 O are best suited for the determination of the bilayer's overall structure (i.e., total thickness, area per lipid, etc.) because of the excellent contrast provided between the hydrating medium and the bilayer (34) . On the other hand, small structural details are more obvious in samples with NSLDs of small amplitudes making certain structural details easier to observe. For example, fine structural detail is best observed in lipid bilayers hydrated with 8 mol % D 2 O rather than 100 mol % D 2 O, where the D 2 O signal dominates the NSLD profile. In the 8 mol % D 2 O case the water contribution has a net zero NSLD; thus the bilayer structure is not obscured by scattering from the solvent. Nevertheless, all of the difference profiles obtained from samples hydrated with various percent D 2 O solutions should result in the same distribution function. This is due to the fact that both the NSLD associated with the lipid and that of the hydrating medium are subtracted with the end result corresponding to the difference between the labeled and unlabeled sample NSLDs (i.e., six deuterium minus six hydrogen atoms per cholesterol molecule) (30) . To increase the statistics of the experimental measurements, we present results as averages from all of the difference profiles (i.e., 100%, 70%, and 8% D 2 O contrast conditions), along with their corresponding error bars. The data shown in Figure 2 are consistent with those previously reported, which only employed data from 8% D 2 O samples (15) .
The results shown in Figure 2 clearly show cholesterol's two very different orientations in DAPC bilayers. Harroun et al. have previously shown that cholesterol is sequestered in the bilayer center of pure DAPC bilayers (21) . Consistent with the Harroun et al. result, we have observed the same location for cholesterol in DAPC bilayers doped with small amounts of POPC. Figure 2A shows the difference NSLD profile corresponding to DAPC bilayers containing 30 mol % POPC, where the cholesterol label is clearly observed in the bilayer center. We should note that this is the highest POPC concentration in which cholesterol is unambiguously observed in the bilayer center. On the other hand, the above-mentioned situation becomes very different with increasing amounts of POPC. Figure 2B shows the difference NSLD profile for DAPC bilayers containing 50 mol % POPC, the lowest concentration at which we unambiguously observe cholesterol in its upright orientation. The deuterium label appears to be approximately 15 Å from the bilayer center, placing cholesterol's hydroxyl group within the bilayer's hydrophobic/hydrophilic interfacial region and in agreement with previous data (14, 20) . This observation confirms the notion that cholesterol's orientation can be altered by changing the ratio of PUFA/saturated chain lipids. Considering the lipid heterogeneity of biological membranes, this result may be viewed as a prerequisite for the mechanism by which cholesterol transports through the cell membrane.
While previous studies revealed the high propensity of cholesterol to flip-flop between the two leaflets of disordered bilayers (14, 22) , the present results suggest that saturated chain lipids can stabilize such movements. In plasma membranes, for instance, the transbilayer distribution of lipids is typically asymmetric (35) . PUFA-containing phospholipids are more prevalent in the inner monolayer (36) , while the outer monolayer is where saturated sphingolpids are mostly found (37) . By pushing cholesterol to the center of the membrane, a PUFA-rich domain on one side would enhance the transfer of the sterol to a lipid raft on the other. It is even possible to imagine this mechanism resulting in the formation of functionalized domains that could facilitate biosynthetic pathways of cholesterol and its transport to and from cells.
At this point it is worth discussing the concentration (i.e., 50 mol %) of POPC required to flip cholesterol to its upright orientation in DAPC bilayers. Assuming that each POPC is capable of shielding two cholesterol molecules from water, thus reducing the energy penalty (38) , it follows that the remaining POPC molecules mix with DAPC at a mole ratio of about 1:1. According to our model, the 50 mol % POPC-doped DAPC system provides enough POPCs to shield all of the cholesterol molecules and at the same time associate, on average, with at least one DAPC molecule. However, when the POPC concentration is insufficient to satisfy both of the suggested interactions, cholesterol molecules are expelled into the bilayer center, while the remaining POPC continues to interact with the PUFA chain lipids. In other words, the cross-molecular interaction preference from most to least preferred is (a) POPC-PUFA, (b) POPCcholesterol, and (c) cholesterol-PUFA (Figure 3) .
Compared to POPC-doped DAPC bilayers, the situation is very different in the case of DMPC-doped DAPC bilayers. While 50 mol % POPC is required to flip cholesterol to its upright orientation, Figure 2C shows that only 5 mol % of DMPC is necessary to achieve the same effect. This result clearly demonstrates cholesterol's affinity for saturated chain lipids. Of significance is that the mole ratio of two cholesterols per DMPC corresponds to the maximum solubility of cholesterol in PC bilayers (38) . It therefore appears that instead of PUFA-DMPC interactions, at this DMPC concentration all DMPCs associate with cholesterol molecules. In other words, one DMPC molecule can flip two cholesterol molecules to their upright orientation (see Figure 3) .
Up to now all samples studied, especially those that were doped with POPC, resulted in regularly spaced bilayers with welldefined quasi-Bragg peaks (see Figure 1) indicative of equidistant, homogeneous composition bilayers. However, in the case of 10 mol % DMPC-doped DAPC bilayers containing cholesterol, the situation is different. These samples exhibit two lamellar repeat spacings (Figure 4 ) that correspond to two different composition samples or phase-separated macroscopic domains with extended correlation lengths, a result corroborated by molecular dynamics (MD) simulations of a similar ternary system (39) . It is important to note that neither of the observed repeat spacings correspond to that of cholesterol monohydrate crystals which exhibit a repeat spacing of ∼34 Å (38) . It therefore appears that in a system where the DMPC/cholesterol ratio exceeds 1:2, the excess DMPC molecules form DMPC-rich domains to avoid the less preferred PUFA-DMPC interaction (see Figure 3) .
The type of neutron diffraction experiments performed in this study provides structural information along the bilayer normal but does not allow for the direct evidence of lateral domains. It is important to understand that the observation of a single lamellar spacing observed in all POPC-doped samples, and some DMPCdoped samples, does not rule out the existence of domains. For example, the two sets of Bragg peaks can overlay each other if the lamellar spacings are similar, or the two phases may be dispersed homogeneously throughout the sample, resulting in one lamellar repeat spacing. However, the data presented in Figure 4 can only be reconciled by the presence of two different phases, with each phase being in register from one bilayer to the next (i.e., longrange correlation length), something that has been observed previously (40) .
It is also interesting to note that the lamellar repeat spacing of the 10 mol % DMPC sample ranged, in the case of one phase, from 40 to 45 Å (over the course of one experiment), values close to the 46 Å repeat spacing measured for pure DAPC bilayers with cholesterol (20) . In the case of the other phase, the lamellar repeat spacing ranged from 48 to 53 Å , consistent with lamellar repeat spacing from pure DMPC (41, 42) and DMPC-cholesterol bilayers (24) . In addition, the ratio of the Bragg peaks associated with these two phases changed as a function of time, suggesting that the domains were also changing over the course of the experiment. It should be pointed out, however, that these samples never formed one pure phase (i.e., one set of Bragg reflections) as observed over a period of 19 h. On the basis of the relative changes of the diffracted intensities, we conclude that the 10 mol % DMPC-doped DAPC system consisted predominantly of a DAPClike phase early on in the experiment and reached equilibrium with a considerable fraction of the sample containing DMPCrich domains.
Molecular Dynamics Simulations. Neutron diffraction results were corroborated with MD simulations performed on same composition samples. NSLD profiles obtained from MD simulations are shown in Figure 5 . With increasing concentration of the dopant molecule (i.e., POPC or DMPC), there is an increased probability of finding cholesterol's headgroup approximately 14-15 Å from the bilayer center, in the case of POPC, and slightly closer to the bilayer center, in the case of DMPC. The MD results are in qualitative agreement with the neutron diffraction experiments. The difference between experiment and MD simulation is that simulations capture cholesterol in various orientations (i.e., from upright to flat, including flip-flops) (22) , while up to now, experiments have shown cholesterol (within bilayers) either in its upright or flat orientation, never both simultaneously.
MD simulations predict the formation of DAPC-depleted lateral domains, where cholesterol is oriented upright. In the PUFA-rich domain, most cholesterol molecules adopt the flat orientation, and frequent flip-flops of cholesterol molecules between the bilayer leaflets are observed. In this respect, the MARTINI CG model seems to provide a more realistic description of the cholesterol orientation and flip-flop compared to current atomistic force fields. Specifically, it has been shown that atomistic force fields tend to overestimate the energy barrier for adopting the flat orientation (43) .
Importantly, both experiment and simulation concur that cholesterol has a much higher affinity for the saturated acyl chain(s) of POPC and DMPC, rather than for the PUFA chains in DAPC, something that is well-known from literature (4, (43) (44) (45) . For example, low solubility (46) and reduced partition coefficients (47) have been reported for the sterol with PUFA-containing phospholipids. Cholesterol's affinity for saturated lipids or, more precisely, the large difference in cholesterol affinities between PUFAs and saturated fatty acids is assumed to be the driving force for the formation of cholesterol-rich domains (47) . An example of this is the model membrane system made up of cholesterol, DPPC (diC16:0PC), the PUFA chain lipid diC22:6PC, and rhodopsin (48) . For this particular system there is a large difference in cholesterol's partition coefficient between diC22:6PC and DPPC bilayers, which manifests itself in the formation of DPPC-cholesterol-rich and diC22:6PC-rhodopsin-cholesteroldepleted domains. However, looking at it from a different point of view, one can argue that rather than cholesterol's differing affinities for the two lipids (i.e., diC22:6PC and DPPC), domain formation may be the result of the aversion that the two lipid species may have for each other, especially when PUFA chain lipids are present (47, 49) . Supporting this view of segregation into organizationally distinct domains rich in PUFA and in saturated fatty acid was previously seen in a mixed membrane composed of 1-palmitoyl-2-docosahexaenoylphosphatidyethanolamine (16:0-22:6PE, PDPE) and sphingomyelin (SM) (1:1 mol) (49) . Differential scanning calorimetry (DSC) and solidstate 2 H NMR revealed the presence of disordered PDPE-rich and ordered SM-rich domains which were <20 nm in size. Cholesterol was preferentially found in SM-rich domains, serving to further exclude PDPE into the PDPE-rich domains.
Having said this, the pronounced differences between DMPCdoped and POPC-doped DAPC bilayers are not observed in MD simulations, although at 10 mol % dopant concentrations (i.e., DMPC or POPC) the simulations indicate that more cholesterol adopts the upright orientation in a DMPC-doped DAPC bilayer as compared to a POPC-doped DAPC bilayer (black curves in Figure 5 ). It should be noted that the nonbonded interactions between cholesterol and the individual beads in DMPC and POPC chains, respectively, are the same in the MARTINI model, suggesting that any differences in the interactions of cholesterol with the two lipid species are predominantly steric in origin. Such subtle differences in the packing are challenging to capture at the coarse-grain level. An alternative explanation for the observed differences between simulation and experiment could be attributed to the limited system size of the MD simulation. For example, in the 5 mol % DMPC-doped system, only 80 saturated lipids are present (40 per monolayer), yielding an lo domain of about 5 nm in diameter ( Figure 5 ). Since this diameter is comparable to the width of the lo/ld interface region (39) , such small domains have ill-defined core regions (i.e., no extended pure lo phase).
Although the MD simulations presented here may contain too few molecules (1520 lipid and cholesterol molecules in total) to observe macroscopic domain formation, the demixing of lipids is observed in all systems, consistent with previous simulations of ternary mixtures (39, 50) . Cholesterol in the lo domain mainly adopts an upright orientation between saturated lipid hydrocarbon chains, while in the remaining ld phase cholesterol preferably adopts a flat orientation in the PUFA-rich bilayer center ( Figure 6 ). However, due to the predominance of the ld phase, there are considerable amounts of cholesterol found in this phase. Therefore, instead of the much widely used term of cholesterol-rich domains, our results support the previously suggested terminology of saturated lipid-rich domains (40) .
CONCLUSIONS
The present data unambiguously make the case for cholesterol preferring certain lipids over others. For the present study, the order of preference is DMPC, POPC, and DAPC. The experimental data are also in agreement with the "umbrella" interaction model (51) according to which a saturated or monounsaturated PC lipid can "shield" about two cholesterol molecules, enabling cholesterol to avoid any energetically unfavorable interactions with water. Our results further suggest that the cross-molecular interaction preference between the various components of the POPC-DAPC-cholesterol system is as follows: POPC-DAPC (PUFA), cholesterol-POPC, and cholesterol-DAPC (PUFA). In the case of the cholesterol-DAPC interaction, the highly disordered PUFA hydrocarbon chains cause cholesterol to sequester to the bilayer's center.
The DMPC-doped DAPC bilayers with 10 mol % cholesterol present us with some interesting notions. While 50 mol % POPC is necessary to flip cholesterol in DAPC bilayers into its upright orientation, only 5 mol % DMPC is needed to achieve the same effect. This result clearly demonstrates cholesterol's affinity for saturated chains. Furthermore, our experimental data convincingly demonstrate cholesterol's aversion to the disordered PUFA chains. These conclusions are also corroborated by coarse-grain MD simulations. As was reported previously by Marrink et al. (22) , MD simulations have again shown that, at any given time there exists a distribution of cholesterol orientations in bilayers with high PUFA content, something that we are still unable to resolve by experiment. More importantly, however, MD simulations predict the formation of DMPC-rich domains, where cholesterol is located preferentially in its upright orientation, and domains depleted of DMPC, where cholesterol is found mostly in the bilayer center. Similar observations were also made by neutron diffraction in 10 mol % DMPC-doped DAPC bilayers but not in any mol % of the POPC-doped DAPC bilayers. We interpret this result as DMPC molecules avoiding to interact with PUFA chains by forming domains, further evidence supporting the idea that domain formation is driven by the aversion that certain lipids have for each other (49) .
Biological systems are made up by a great number of different lipids and sterols. Dipolyunsaturated lipids like DAPC represent an extreme in PUFA content. Their study, particularly in relation to saturated lipids and cholesterol, provides a reference point in elucidating the role played by lipid species in determining membrane architecture. The present work clearly demonstrates the importance of different lipid species and their possible roles in membrane domain formation. In addition, although essentially It is evident that a considerable amount of cholesterol resides outside the DMPC-rich domain. Importantly, cholesterol molecules in the PUFArich domain are laying flat in the bilayer center, whereas those in the DMPC-rich domain adopt, almost exclusively, the upright orientation. In neither orientation is distinct clustering (i.e., dimers or trimers) of cholesterol molecules observed.
absent from most membranes, dipolyunsaturated phospholipids are present in neural membranes where the influence that they exert on membrane organization is essential in controlling protein activity (48, 52, 53) . Rhodopsin, the visual pigment in the retinal rod outer segment (ROS), is a prime example. The distribution of PUFA and cholesterol in the column of disk-like membranes that constitute the ROS is consistent with the results presented here. There, the amount of DHA (docosahexaenoic 22:6 acid) and sterol increases and decreases, respectively, from basal to apical ends of the rod (54) .
